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We have previously demonstrated that exogenous ATP can give medullary thymocytes the calcium message required for 
the induction of their blastogenesis. In the present study, using the highly sensitive calcium indicator Indo-1, we have 
measured the effect of exogenous nucleotides on the cytosolic-free calcium concentration [Ca”]i of thymocytes, and de- 
termined inositol phosphate (IP) formation in the same cells, in parallel assays. The results were compared to those ob- 
tained with the mitogenic lectin concanavalin A (ConA) in similar experiments. They show that ATP does not mobilize 
calcium from its internal stores but stimulates its influx from the extracellular medium. Nevertheless, these data do not 
rule out the possibility that the nucleotide acts through specific P2 purinergic sites. 
ATP, extracellular; Caz+ concentration, cytosolic free; ATP analog; Inositol phosphate; (Mouse thymocyte) 
1. INTRODUCTION 
It has been shown that, in a large range of con- 
centrations, extracellular ATP has phar- 
macological effects on many tissues (review [l]) 
and influences cell functions by changing mem- 
brane permeability, ionic fluxes and/or in- 
tracellular free calcium concentration [Ca’+]i. In 
some cells, this effect appears to be mediated by P2 
purinergic sites linked to the phosphoinositide 
metabolism [2-81. A few years ago, we have 
demonstrated the existence of A2 purinergic recep- 
tors on lymphocyte membranes [9] and shown that 
they are involved in a negative control of the func- 
Correspondence address: Chakib El-Moatassim, ENSCM 8 rue 
de 1’Ecole Normale, F-34075 Montpellier Cedex 2, France 
Abbreviations: [Ca’+]i, cytosolic-free calcium concentration; 
ConA, concanavalin A; ADP-j3-S, adenosine 5 ’ -O-(2-thio- 
diphosphate); p[NH]ppA, 5 ’ -adenylimidodiphosphate; pp 
[CHr]pA, cu,,&methylene adenosine triphosphate; p(CHr]ppA, 
fl,y-methylene adenosine triphosphate; ATP-y-S, adenosine 
5 ‘-0-(3-thio-triphosphate); 2-Me-thio ATP, 2-methyl-thio- 
adenosine triphosphate; PMA, phorbol-12-myristate-13-acetate 
tion of these cells. More recently [lOI we found 
that, in the presence of extracellular calcium, ATP 
increases [Ca*+]i of both cortical and medullary 
thymocytes and induces the blastogenesis of the 
mature (medullary) population in the presence of 
PMA, a protein kinase C activator. Our data sug- 
gested that this effect might be mediated through 
P2 purinergic sites. The present study was per- 
formed in order to determine which form of ATP 
was active, and how it modified thymocyte [Ca*+]i 
to give a positive signal. Cells were loaded with the 
highly sensitive calcium indicator Indo-l [ 1 l] and 
the effects of ATP on [Ca*+]i were measured; in 
parallel experiments, inositol phosphate (IP) for- 
mation was determined. These effects were com- 
pared to those triggered by the mitogenic lectin 
Con A. 
2. MATERIALS AND METHODS 
2.1. Materials 
ConA was purchased from IBF (France), ATP, ADP, ADP- 
P-S, AMP, adenosine, pp[CHzl~A, P[NHIPPA, PWMPPA, 
2’-deoxyATP, GTP, ITP, UTP were from Sigma. ATP-y-S 
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was from Boehringer, 2-methylthio-ATP’, from RBI, 
Indo-l-AM from Calbiochem, ionomycin from Pluka, myo- 
[2-‘HJinositol from NEN, Dowex 1X-8 anion-exchange col- 
umns from Bio-Rad and inositol-free RPM1 1640 from Gibco. 
2.2. Cells 
Thymocytes were prepared from 3-week-old male Swiss mice 
as in [lo]. 
2.3. [Cd+/i determination 
This was performed as described by Gelfand et al. [12]. Cells 
were incubated in Hank’s solution (3 x lO’/ml) with 1 PM 
Indo-l-AM for 30 min at 37”C, then washed twice and 
resuspended in pH 7.3 buffer, 140 mM NaCl, 2 mM KCI, 
1 mM CaCl*, 10 mM glucose, 10 mM Hepes. When indicated 
MgCl2 was added. In Ca-free medium, CaCl2 was replaced by 
0.2 mM EGTA. Measurements were performed at 6 x lo6 cells 
per ml at 37°C with a Perkin-Elmer-Hitachi spectrofluorimeter 
(hex 340 nm, h., 400 nm). Calibration was performed with 
ionomycin and Mn’+ and [Ca*‘]i were calculated as described 
1131. 
a 
IONOMYCIN 
I 
ATP 
I 
r 
k= 
INT +[Ca++l, 
MnCl, 
1 
lmin 
I. 
b 
[Ca++]i nM 
1 
1000 
500 
300 
200 
100 
2.4. Phosphoinositide breakdown 
Thymocytes prepared in an inositol-free culture medium were 
labelled for 18-20 h with 5 &i/ml myo-[2-‘Hlinositol. They 
were washed twice and resuspended in the medium used for 
[Ca*+]i determination, then incubated for 20 min at 37°C. Ali- 
quots (15 x lo6 cells in 0.5 ml) were treated by ATP or ConA 
(lOpg/ml). The reaction was stopped 20 min later with per- 
chloric acid and IP levels were measured after chromatography 
on anion exchange Dowex 1X-8, as described [14]. 
3. RESULTS 
Experiments were performed on unseparated 
thymocytes as we have shown that ATP triggered 
the same [Ca’+]i rise in mature and immature cells 
and that calcium could be mobilized by ConA in 
both subpopulations [lo], a result confirmed by 
others [ 151. 
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Fig. 1. Changes of [Ca*+]r in mouse thymocytes after addition of ATP or ConA. Cells were loaded with Indo-l and fluorescence was 
determined as described in section 2 (adduct concentrations: 0.3 mM ATP, 10 pg/ml ConA, 0.3 PM ionomycin, 0.3 mM MnCl2, 5 mM 
MgCla). This experiment is representative of many others. 
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Fig.la shows that under physiological condi- 
tions, 0.3 mM ATP caused a sustained enhance- 
ment of the fluorescence of Indo-l-loaded 
thymocytes which reached a plateau in less than 
2 min. Thymocyte [Ca”]i increased from 197 to 
494 nM, a result slightly different from that which 
we obtained with Quin-2-loaded cells [lo] (increase 
from 105 to 199 nM under the same conditions). 
When the same experiments were performed in the 
absence of external Mg’+, the fluorescence of 
Indo- 1 -1abelled thymocytes increased more rapidly 
and the plateau was higher (557 nM). When Mg2+ 
was added to ATP-activated thymocytes, it partial- 
ly reversed the ATP response within a few minutes 
(from 514 to 389 nM with 5 mM Mg2+, fig.lb). In 
agreement with these data, fig.2B shows that Mg2+ 
added before the stimulus dose dependently in- 
hibited the ATP-triggered [Ca2’]i rise. In both 
cases the ATP effect was dose dependent; in the 
absence of Mg2+ its effect occurred at a nucleotide 
concentration lower than in the presence of Mg’+: 
the half-maximal concentration of ATP shifted 
from 0.25 to 0.16 mM with 5 mM MgCl2 (fig.2A). 
These data establish that MgATP2- is not the enti- 
ty involved in [Ca2’]i enhancement and conse- 
quently demonstrate that ATP hydrolysis is not 
required, this complex being the preferential 
substrate of ATPases and kinases [16]. 
A 
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This result explains that the non-hydrolysable 
ATP analogs ATP-y-S and ADP-P-S caused a 
marked [Ca2+]i rise in thymocytes: 71.5 and 57%, 
respectively, of that observed with ATP (table l), 
an effect also shown by p[NH]ppA, p[CHz]ppA 
and pp[CH2]pA in the absence of Mg2+ but not in 
its presence [lo]. We measured the effects of other 
nucleotides and nucleosides in Mg-free buffer 
(table 1). 2-Methyl-thio-ATP, an agonist of P2 
purinergic receptors, and ADP led to a [Ca2+]i in- 
crease but to a lesser extent than did ATP; GTP, 
ITP and UTP exert only a small positive effect, 
while AMP and adenosine had no significant 
effect. 
In some cell types [2-81, ATP directly mobilizes 
calcium from its intracellular stores. Since the ex- 
perimental conditions (use of Quin-2, presence of 
Mg’+) of our previous work [lo] were not optimal 
for observing such an effect, we repeated the same 
experiments (absence of external calcium) under 
the present conditions (use of Indo-1, absence of 
Mg2+). Fig.lc shows that ATP was unable to pro- 
mote the transient increase of [Ca2+]i correspon- 
ding to an internal calcium mobilization. 
Moreover, when the calcium ionophore ionomycin 
was added to the cells after ATP, it induced the 
brief [Ca’+]i rise followed by the decrease to its 
basal level, which shows that calcium was still pre- 
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Fig.2. Dose-dependent increase of [Ca*‘]i by ATP, in mouse tbymocy-tes and inhibition by Mg ‘+. Cells were loaded with Indo-l and 
fluorescence was determined as described in section 2. (A) Effect of ATP in the absence (0) or presence (0) of 5 mM MgClz; (B) 
inhibition by Mg*+ of the effect of 0.3 mM ATP. 
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Table 1 
Effects of ATP and other nucleotides in the absence of 
magnesium, and of ConA (f MgClz) on [Ca*‘]i 
Addition n [Ca’+]i 70 
None 58 199 + 14 0 
0.3 mM ATP 14 540 f 17 100 
0.4 mM ADP 4 442 f 38 71 
0.3 mM AMP 3 220 k 8 6a 
0.3 mM adenosine 5 176+12 -7= 
0.3 mM ATP-7-S 4 443 * 4 71.5 
0.3 mM 2-Me-Thio-ATP 3 437 + 22 67.9 
0.3 mM ADP-P-S 3 395* 1 57.3 
0.3 mM p[NH]ppA 3 316 f 2 34.1 
0.3 mM 2’-deoxy-ATP 3 299 * 5 29.1 
0.3 mM pp[CHz]pA 3 293 + 6 27.4 
0.3 mM p[CHz]ppA 4 287 f 9 25.6 
0.3 mM GTP 4 290 f 9 26 
0.3 mM ITP 3 270 f 1 20.6 
0.3 mM UTP 3 246 f 1 13.5 
10 #g/ml ConA 8 379 + 20 52.6 
lO,ug/ml ConA + 0.3 mM ATP 5 759 f 17 164.4 
lOpg/ml ConA + 5 mM MgCl2 5 368 + 15 49.4 
a Difference relative to control not significant as determined 
mitogenic concentrations of ConA induced [Ca*+]i 
rises (from 200 to 395 nM) lower than those in- 
duced by ATP (from 197 to 494 nM); however, as 
reported by Hesketh et al. [17], we found that in 
calcium-free medium ConA mobilized intracellular 
calcium (fig.le), [Ca’+]i increasing from 200 to 
300 nM. When Mg2+ was omitted from the 
medium, the ConA-promoted [Ca2+]i rise was un- 
changed, whatever the buffer calcium concentra- 
tion was. Moreover, when ATP and ConA were 
added together, their effects were found to be ad- 
ditive (table 1). 
with Student’s t-test (P > 0.05) 
Indo-l-loaded cells (12 x lo6 cells/2 ml) were suspended in 
medium containing 1 mM CaC12; [Ca*‘]i was measured as 
indicated in section 2, at optimal effector concentrations. 
Results are the mean + SE of n measurements 
The ConA-induced [Ca’+]i rise is due to 
phospholipase C activation and to inositol 
triphosphate formation 1181. IP levels were 
measured in thymocytes incubated with either 
ConA or different ATP concentrations, for 
various periods of time, in the presence of lithium. 
Whereas ConA induced a significant increase 
(300-400%) of the IP level within 20 min, ATP 
had no effect even at concentrations up to 1 .O mM 
(table 2). Similar results were observed with or 
without Mg2+ and for different incubation times 
ranging from 0.5 to 10 min (not shown). 
Altogether these results show that the changes of 
[Ca’+]i induced by ConA or by ATP do not in- 
volve the same mechanism. 
sent in its internal stores. Similar results were ob- 
tained with ATP concentrations ranging from 0.05 
to 0.5 mM (not shown). 4. DISCUSSION 
In the presence of extracellular calcium, The purpose of this work was to determine the 
Table 2 
Effectslof ConA and ATP on IP levels 
Effector IP-associated radioactivity (dpm/l5 x lo6 cells) 
A B 
Total IPs IPI IP2 IPa 
Control 525 f 11 259 f 76 181 f 23 107+ 6 
10 pg/ml ConA 1586 f 108 724 + 174 727 f 90 262 f 70 
0.1 mM ATP 510 zt 64a 
0.25 mM ATP 595 f 66” 227 + 33a 221 * 3” 112 * Ta 
0.5 mM ATP 572 + 24” 228 f 23” 215 + 20” 119 f 6” 
1 .O mM ATP 604 + 6Ta 
a Difference relative to control not significant as determined with Student’s t-test 
(P > 0.05) 
Separation and extraction of total IPs (experiment A) and those of inositol mono-, 
di- and triphosphate (experiment B) were performed as described in section 2. 
Results are the mean f SE of triplicate determinations in one representative 
experiment out of three 
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mechanism whereby extracellular ATP can deliver 
the calcium message required for lymphocyte ac- 
tivation. Our previous data suggested the existence 
of P2 purinergic receptors on the membrane of 
these cells [lo]. Since in many cell types [2-81 such 
sites are correlated to phospholipase C activation, 
we studied the effect of ATP on IP formation. 
Under conditions allowing the induction by ATP 
of [Ca2+]i rise in thymocytes, the nucleotide had no 
effect on IP accumulation, even at high concentra- 
tions consistent with P2z sites [l]. This negative 
result was not due to a failure of the assay or to a 
peculiarity of the cells, since we observed, under 
the same conditions, that ConA induced IP forma- 
tion in these cells, as reported by others [18]. 
The variations of [Ca2’]i we observed in 
response to either ATP or ConA are consistent 
with these results. Experiments were performed us- 
ing Indo-l , a fluorescent probe more sensitive than 
Quin-2, which allows much lower probe concentra- 
tions, thus decreasing the Ca2+-buffering power 
and potential side effects [ 121. In ConA-stimulated 
cells, the IPS-mediated calcium release was rapid, 
transient, independent of extracellular calcium 
(fig. le) and correlated with IP formation [18]. The 
ConA-induced [Ca2+]i rise was higher in the 
presence of extracellular calcium than in its 
absence, which is consistent since it resulted from 
both mobilization from internal stores and influx 
from external calcium [17]. In contrast, the ATP- 
induced [Ca2’]i rise was rapid, lasted longer and 
was strictly dependent upon external calcium, 
which confirms that the phosphoinositide cycle is 
not involved in this response. This res.ult agrees 
with the absence of ATP-induced IP formation 
reported above. It also explains the additive effects 
of ConA and ATP on the [Ca2’]i rise, these two ef- 
fectors acting through different pathways. As in 
macrophages [19], parotid acinar cells [20] and 
pancreatic islets [21], the biological effect of ATP 
might be mediated by an increase in [Ca2+]i 
resulting from a net influx of extracellular calcium. 
We have no direct evidence that the observed 
calcium influx is related to a specific receptor as in 
the case of cholera toxin B subunit [22], EGF [17], 
or FGF [23]. Nevertheless, our data show that: (i) 
the effect of ATP is specific: other nucleotides are 
less efficient; (ii) the efficiency order of the 
adenine derivative is ATP > ADP % AMP > 
adenosine, a characteristic of P2 purinergic sites in 
Burnstock’s classification [24]; (iii) an agonist of 
P2 sites, 2-methyl-thio-ATP, is active; (iv) the non- 
hydrolysable analogs of ATP are efficient, 
demonstrating that phosphate group transfer is not 
involved in the response; (v) the ATP-induced 
[Ca’+]i increase is much higher in the absence of 
Mg’+, showing that MgATP’- complex is not in- 
volved. This last point is consistent with the ineffi- 
ciency of p[NH]ppA, p[CH&wA and pp[CI-bl~A, 
in the presence of Mg2+ [lo], since these analogs 
display affinity constants for divalent cations 
2.5fold higher than ATP [25], and with the non- 
involvement of phosphate group transfer in the 
ATP effect. 
It has been demonstrated that, in many tissues, 
ATP- is the nucleotide form interacting with P2 
sites [25-271. Our data suggest hat such receptors 
linked to increased calcium influx might mediate 
the [Ca’+]i rise in thymocytes, maybe by pore for- 
mation as suggested by Tathan et al. [26] in the 
case of rat mast cells, which might explain that 
ATP in the presence of EDTA has been used to 
permeabilize human T lymphocyte membrane to 
impermeable compounds [29]. The high ATP con- 
centration (in the range of 100 PM) needed to pro- 
mote the calcium response might be explained by 
the presence of ecto-ATPase on the cell membrane 
[lo], the Ca-ATP complex being a substrate of this 
enzyme; such concentrations have been reported in 
other tissues for P2 receptors linked to the activa- 
tion of the phosphoinositide pathway [4-6,8]. 
Our data and our conclusions completely 
disagree with those of Lin et al. [28], as discussed 
in [lo]. New data support our hypothesis: we 
recently showed that ATP+, like ATP, induces 
the blastogenesis of PMA-treated medullary 
thymocytes (not shown). Further investigations 
will be necessary to firmly establish that, besides 
A2 receptors, P2 receptors exist on thymocytes. 
Acknowledgements: This work received financial support from 
the Centre National de la Recherche Scientifique. C.E.-M. 
acknowledges a fellowship from the Association pour la 
Recherche sur le Cancer. The authors acknowledge skilful 
technical assistance of N. Bernad and R. Larguier. 
REFERENCES 
[l] Gordon, J.L. (1986) Biochem. J. 233, 309-319. 
[2] Charest, R., Blackmore, P.F. and Exton, J.H. (1985) J. 
Biol. Chem. 260, 15789-15794. 
395 
Volume 242, number 2 FEBS LETTERS January 1989 
[3] Okajima, F., Tokumitsu, Y., Kondo, Y. and Ui, M. 
(1987) J. Biol. Chem. 262, 13483-13490. 
[4] Horstman, D.A., Tennes, K.A. and Putney, J.W., jr 
(1986) FEBS L&t. 204, 189-192. 
[5] Forsberg, E.J., Feuerstein, G., Shohami, E. and Pollard, 
H.B. (1987) Proc. Natl. Acad. Sci. USA 84, 5630-5634. 
[6] Pirotton, S., Raspe, E., Demolle, D., Erneux, C. and 
Boeynaems, J.M. (1987) J. Biol. Chem. 262, 
17461-17466. 
[7] Cockroft, S. and Gomperts, B.D. (1980) B&hem. J. 188, 
789-798. 
[E] Phaneuf, S., Berta, P., Casanova, J. and Cavadore, J.C. 
(1987) Biochem. Biophys. Res. Commun. 143, 454-460. 
[9] Bonnafous, J.C., Dornand, J., Favero, J. and Mani, J.C. 
(1982) J. Recept. Res. 2, 347-367. 
[lo] El-Moatassim, C., Dornand, J. and Mani, J.C. (1987) 
Biochim. Biophys. Acta 927, 437-444. 
[ll] Cobbold, P.H. and Rink, T.J. (1987) Biochem. J. 248, 
313-328. 
[12] Gelfand, E.W., Cheung, R.K. and Grinstein, S. (1986) J. 
Biol. Chem. 260, 11520-11523. 
[13] Grynkiewicz, G., Poenie, M. and Tsien, R.Y. (1985) J. 
Biol. Chem. 260, 3440-3450. 
[14] Berridge, M.J., Downes, C.P. and Hartley, H.R. (1982) 
Biochem. J. 206, 587-595. 
[IS] Finkel, T.H., McDuffie, M., Kappler, J.W., Marrack, P. 
and Cambier,J.C. (1987) Nature 330, 179-181. 
[16] Pearson, J.D. and &sack, N.J. (1985) Eur. J. Biochem. 
151, 373-375. 
[17] Hesketh, T.R., Moore, J.P., Morris, J.D.H., Taylor, 
M.V., Rogers, J., Smith, G.A. and Metcalfe, J.C. (1985) 
Nature 313, 481-484. 
[18] Taylor, M.V., Metcalfe, J.C., Hesketh, T.R., Smith, 
G.A. and Moore, J.P. (1984) Nature 312, 462-465. 
1191 Steinberg, T.H., Newman, A.S., Swanson, J.A. and 
Silverstein, S.C. (1987) J. Biol. Chem. 262, 8884-8888. 
[20] McMillan, M.K., Soltoff, S.P., Lechleiter, J.D., Cantley, 
L.C. and Talamo, B.R. (1988) Biochem. J 255,291-300. 
[21] Petit, P., Manteghetti, M. and Loubatieres-Mariani, 
M.M. (1988) Biochem. Pharmacol. 37, 1213-1217. 
[22] Dixon, S.J., Steward, D., Grinstein, S. and Spiegel, S. 
(1987) J. Cell. Biol. 105, 1153-1161. 
[23] Magnaldo, I., L’Allemain, G., Chambard, J.C., 
Moenner, M., Barritault, D. and Pouyssegur (1986) J. 
Biol. Chem. 261, 16916-16922. 
[24] Burnstock, G. (1985) in: Methods in Pharmacology 
(Paton, D.M. ed.) ~01.6, pp.193-212, Plenum, New 
York. 
[25] Steinberg, T.H. and Silverstein, SC. (1987) J. Biol. 
Chem. 262, 3118-3122. 
[26] Tathan, P.E.R., Cusack, N.J. and Gomperts, B.D. (1988) 
Eur. J. Pharmacol. 147, 13-21. 
[27] McMillian, M.K., Soltoff, S.P., Cantley, L.C. and 
Talamo, B.R. (1987) Biochem. Biophys. Res. Commun. 
149, 523-530. 
[28] Lin, J., Krishnaraj, R. and Kemp, R.G. (1985) J. 
Immunol. 135, 3403-3410. 
[29] Mustelin, T., P&6, H. and Andersson, L.C. (1986) 
EMBO J. 5, 3287-3290. 
396 
